Current fishing practices result in the waste of 20 million tonnes of valuable resources every year. However, from now on, vessels must keep on board and land both target and those non-target species subject to quota regulations, as regulated by recent EU legislation, in the reform of the Common Fisheries Policy (CFP). Therefore, an important quantity of low-value marine biomass has to be managed in an efficient manner to avoid its waste. Several added value products apart from fishmeal and oil (like enzymes or nutraceuticals) can be obtained from the wide variety of discarded species trough different valorisation processes. The challenge arises when these species can be handled by more than one processing route. The selection of the best alternatives has to fulfil often-opposite sustainability criteria, considering also the constraints associated to each resource and process. This was achieved by a multiobjective framework using a suitable and efficient optimization approach based on scatter-search.
Introduction
Discard practices are the main responsible of the progressive decrease of worldwide extractive catches during the last years (FAO Fisheries and Aquaculture Department. 2012 ). This non-targeted species represents approximately 20 Mt/year worldwide, 5.2 Mt/year of which are generated in the EU (Kelleher, 2005) . Although discards were usually dumped overboard, recently implemented policies, as the new CFP (European Commission, 2013) , oblige to unload all the capture in land. Therefore, amounts of this low value biomass are expected to increase in the near future. One of the approaches to face this problem is by the increasing utilization of unavoidable discards/by-catch. Increased by-catch utilisation may come (among others) from a greater demand for fish products, the development of new markets for previously discarded species or the use of low-value by-catch specimens for aquaculture and animal feed. Research on discards utilisation is rapidly moving to the field of food, feeds, nutrition and pharmaceutical research, creating added-value fish products from discarded fish (Blanco et al. 2007; Mahro and Timm 2007; Shahidi 2007; Ferraro et al. 2010; Kim 2012; Freitas et al. 2012; Olsen, et al. 2014; Ordóñez-Del Pazo et al. 2014 ) .
In fact, EC estimates that biotech processes related to these resources have expected growth rates of between 5% and 10%, which represents a clear opportunity both for R&D and for business. However, to make the implementation of these new technologies possible, there is a need of selecting the optimal processing routes of the different available biomasses in terms of sustainability. This means that both socioeconomic and environmental objectives must be considered simultaneously.
There is a strong tendency in scientific literature towards the application of different optimization strategies to study the trade-off between these two conflictive objectives. In Gerber et al. (Gerber et al. 2013) , master-slave framework combining multi-objective mixed integer linear programming and mixed integer non-linear programming was proposed to the environomic design and synthesis of energy systems. Gebreslassie et al. 2013 solve a non-linear programing problem (NLP) for a hydrocarbon biorefinery, considering also economic versus environmental objectives. In this case, the environmental objective was represented by the global warming potential.
Greenhouse emissions has also been considered to metric the environmental objective in several examples (Martinez-Hernandez et al. 2013; Murillo-Alvarado et al. 2013) , while in other works (Bernardi et al. 2013) , the environmental objective was extended by also considering the water footprint.
The optimization of processing routes integrating both criterion was especially applied to the case of biorefineries involving different feedstock types (MartinezHernandez et al. 2013; Murillo-Alvarado et al. 2013; Bernardi et al. 2013; Santibañez-Aguilar et al., 2014) , agave residues (Murillo-Alvarado et al. 2014) , jatropha (MartinezHernandez et al. 2014) , palm oil (Kasivisvanathan et al. 2012) , or algae (Gutiérrez-Arriaga et al. 2014) . On the other hand, similar methods could be applied to analyse the trade-off between safety criteria and economics for hydrogen production or the trade-off between net profit and carbon efficiency (Kelloway and Daoutidis 2014 ).
Among the strategies tested, disjunctive generalized programming (MurilloAlvarado et al. 2013) or fuzzy approaches (Kasivisvanathan et al. 2012; Ng, Hassim, and Ng 2013) for sustainable biorefineries design can be mentioned. In most of the cases the associated problem is a non-linear programing problem (NLP) or a mixed integer non-linear programming problem (MINLP), where scatter search (which is a population-based method, eSS) can be successfully applied to solve the associated optimization problem in several chemical and bioprocess problems ( Egea et al. 2007; Egea 2008) . Here, this efficient optimization strategy is applied to a marine resource biorefinery to analyse the trade-off between the minimisation of the environmental impact and the maximisation of the economic profit. On the other hand, -constraint approach (Miettinen 1998; Diwekar 2008) has been the selected method to convert multi-objective problems into a set of single objective problems, due to its easily implementation and capability to obtain uniform distributed Pareto fronts.
Therefore, in this work, we will focus on the necessity of upgrading processes/value chains to make the best possible use of marine biomass and avoid its waste. With that aim, an optimisation screening approach adapted to the particularities of marine biomass discarded in fleets of NW Spain, was developed. Within the framework of the near entrance in force of a more restrictive legislation, the different stakeholders will need basic information on how to manage large quantities of marine biomass every year due to the obligation of landing regulated species nowadays being discarded, creating efficient adding-value chains in land by establishing an efficient valorisation network for that unwanted biomass that we define as the technology model.
This multi-layer model links raw material to final products through a set of given technologies.
Case study
The reason for the selection of this representative case study is that the fishing sector in Galicia (NW Spain) constitutes an important contribution to the total volume of captures in Spain and is considered as one of the largest in the European Union. It must be pointed out that there exists a deep background of tentative, viable solutions/technologies to add value to discarded biomass in the selected area of study (Galicia), in which this work will be put its focus and base its developments (FROM 2009; Alonso et al. 2010; Miguel A. Murado et al. 2010; Ordóñez-Del Pazo et al. 2014) , since the fishing sector plays a key role on the socioeconomics dynamics of this region representing near to 2% of the Gross Domestic Product (GDP) and near to 3% of the total employment.
Biomass sources and potential valorisation processes
In terms of discarded biomass, and as explained in detail (Ordóñez-Del Pazo et al. 2014) , the weight distribution between the different species is shown in Table 1 . There is a broad discussion in scientific literature (Ferraro et al. 2010; Kim and Mendis 2006; Blanco et al. 2007; Ordóñez-Del Pazo et al. 2014 ) about pre-industrial scale processes and technologies used to upgrade wastes and discards and to obtain added value products. Fish and fish parts can have a wide range of applications, being the list of possible products (oil, bioactive peptides, chondroitin sulphate, enzymes, gelatine, etc.) as diverse as the industrial sectors that would benefit from the valorisation alternatives.
Discards and viscera are good sources for fishmeal, protein hydrolizates, peptones, enzymatic mixtures or fish oil with a high content of unsaturated fatty acids, being these products of interest in sectors such as aquaculture and food. Fishmeal is one of the most common products obtained from fish discards/by-products and has been used as a livestock feed for many years. It is a relatively dry material (Blanco et al. 2007 ) with a high content in essential amino acids such as lysine, which is often deficient in grain products that are the typical base for most animal feeds (Gildberg 2002) . Fish oil consists of a mix of lipids containing different fatty acids, among those two important polyunsaturated fatty acids such as the eicosapentaenoic (EPA) and docosahexaenoic (DHA), and it can be extracted from the whole specimen or from liver (Ferraro et al. 2010 ). Recent improvements on deodorization and stabilization processes have spread the incorporation of fish oil into food products and beverages for human consumption (Rubio-Rodríguez et al. 2010 ).
Surimi and surimi products are obtained from fish muscle, which is the most edible part of the fish (Park 2005) . Fish muscle can also be enzymatically hydrolysed to recover bioactive peptides, which have shown many important properties such us antihypertensive, antithomboticm, immunomodulatory and antioxidative activities (S.
K. Kim and Mendis 2006; Udenigwe and Aluko 2012) . Fish skin or cartilage from some species could be excellent raw materials for products as gelatine or chondroitin sulphate with applications in the food, cosmetic and pharmaceutical sectors (Blanco et al. 2007 ).
In addition, fish internal organs are a rich source of enzymes, for example pepsin, trypsin, chymotrypsin, elastase or collagenase (M.A. Murado et al. 2009; Capasso et al. 1999; Trincone 2011; Arunchalam and Haard 1985; Ascanio et al. 2004) . In general, these enzymes present high activity at low concentration and low temperature (Ghaly et al. 2013) . They have been used in biotechnology, clinical applications and in diagnosis process (Batista and Pires 2002) . Finally, chitin is a marine polysaccharide present in cell walls, exoskeleton of insects and shells of crustacean (Trincone 2011) , that presents applications in medicine, pharmacy, food and biotechnology.
Proposed valorisation scheme
Based on the characteristics and properties of the discarded species considered in Table 1 , the valorisation scheme showed in Fig. 1 is proposed for the selected metiers.
Marine biomass was divided into three main classes, A, B and C. Biomass A covers fish species of small-medium size, biomass B includes crustacean species, and biomass C includes cartilaginous species.
To obtain these products, several valorisation processes or technologies can be used. These processes can use the whole specimen or use only parts of the fish, like liver, cartilage, skin, etc. The technologies considered in this work to valorise the discarded species, as well as the resources consumed in each case are summarized in Table 2 . In general, these considered valorising processes can be classified in two layers: i) pre-treatment layer (j=1,..,7), where the objective is to prepare the raw material to the next processing stage by obtaining adequate intermediate products and ii) final processes (j'=1',…, 9') where the target is to obtain the desired final product. If the whole specimen is used to obtain the final product, then the pre-treatment consists of a grinding process (1). When selected fish parts such as muscle and cartilage (2, 3), shell (4) or liver, skin and cartilage (5-7) are used, different processes like de-heading, fileting, skinning and grinding can be employed.
The production of fishmeal (technologies 1' and 2') is carried out in six steps: mincing, cooking, pressing, drying, cooking and grinding. The heating process releases a large amount of liquid, collected to produce fish oil. Oil can also be obtained from fish livers through a grinding process (6'). However, if fishmeal is prepared using crustaceans as raw material there is no oil production. Process 3' is used to prepare surimi, which implies the treatment of muscle tissue with salt solutions and stabilization with a cryoprotectant. Generally, this is a process with considerable water consumption (Kolbe 1990; Santana et al. 2012) . Biopeptides and chondroitin sulphate are produced by enzymatic hydrolysis (Kim and Mendis 2006; Kim and Wijesekara 2010; Ghaly et al. 2013; Arvanitoyannis and Kassaveti 2008; Ferraro et al. 2010) , being the process conditions deeply analysed in literature (Rivas et al. 2012; Murado et al. 2009; Ghaly et al. 2013) . Chitin was extracted from shell using high temperatures and alkaline extraction (Vazquez et al. 2013) . Alkaline extraction was also used to prepare fish gelatine (Harnedy and FitzGerald 2012) .
Several assumptions have been considered in the present work. The case study describes a theoretical situation, where present discarded biomass must be totally unloaded. Changes in the composition of the considered target fisheries and uncertainties of future legislations might lead to a significant variation in the proposed case. In addition, economic assessment only includes costs of main process utilities and only water use and CO 2 emissions were considered in the environmental assessment.
Installation and personnel costs, as well as solid residues derived from processing, were not included in the analysis due to increasing complexity on the network and to data uncertainty. This case study should be seen as a previous situation, which is employed to develop a modelling tool for the selection of the most favourable processing routes of marine biomass.
A Technology Model

Model formulation
In order to simplify and systematize the selection of optimal pathways to valorise a given amount of discarded species, a simplified general network can be defined ( Fig. 2 ) to represent these valorisation alternatives. In this approach, each layer of the above mentioned superstructure is constituted by input products or raw materials that can be processed by a set r of defined processing technologies to obtain v final or output products. This formulation allows to easily connect L layers (when further downstream processing is required) by considering the final products of a given layer l the raw material of the next processing network/layer l+1. From the above exposed, a general model can be defined to describe the network. Mathematically, the total availability (Q) of discarded biomass is established as:
( 1) where can be easily calculated by considering that the feedstock of a given technology is processed with a given conversion b kj (yield of the technology) to obtain the referred product k.
Mathematically:
where
In the same way of the definition of matrix A and by extending • -to all available technologies r, it is possible to define a matrix of yields for the superstructure as
As mentioned, the presented approach can be easily extended to that cases where more than one class of intermediates/final products and/or more than one processing steps (implying different types of technologies) are required. It is possible to straightforward connect L basic networks as the one described by Equations (1) to (3) on up-down approach by simply defining:
In the proposed methodology, the core of the approach is the set of technologies, since they are the processing routes that relate in a unidirectional way the raw materials with the final products of the network. Mathematically,
These technologies can be defined as • , ƒ, ™ and, as shown before, they depend on: i) raw biomasses; ii) the fraction of that input biomasses that are processed by it and; iii) its yield. As a result, these variables and parameters that characterize the technologies could be later used as decision variables to select the optimal valorisation pathways described next.
Optimization problem
In order to evaluate the optimal/best pathways to achieve an integral valorisation of discarded biomass, both economic (ž Ÿ ¡ ) and environmental (ž Ÿ¢ ) objectives are considered and evaluated through a multi-objective approach, maximizing the first while minimizing the second, respectively.
This a priori complex multi-objective problem can be converted into a set of single-objective problems through the -constraint approach (Diwekar 2008; Miettinen 1998) , where one of the objectives is incorporated as an inequality constraint. As a consequence, the optimization problem to be solved can be mathematically represented as:
Subject to:
And, subject to the bounds of the problem:
where X is the decision vector to be found by means the optimization problem and ¥ ª¡«Ÿ , ¥ ¬--Ÿ are the lower and upper bounds for the optimization problem, respectively.
Therefore, trade-offs between objectives are represented by the Pareto-front that is calculated by solving the set of single-objective problems presented in Equation (6) subject to (7), (8), (9) and (10) for varying among 0 and 700. It must be highlighted that computing the Pareto-optimal set can be a very challenging task due to the highly constrained and nonlinear nature of processing systems. In this regard, it is important to keep in mind that the majority of the existing implementations to solve this kind of multi-objective problems ultimately rely on local, gradient-based, optimization routines (e.g., sequential quadratic programming -SQP) for solving the NLPs, so they can fail if the multi-objective problem is non-convex and, as a consequence, the solution can only be guaranteed to be local Pareto-optimal. This drawback can be addressed by using suitable global optimization (GO) or evolutionary methods (Sendín et al. 2006) . In this aim, the optimal solution of the proposed optimization problem was calculated using scatter search (eSS) as is implemented in the MEIGO toolbox (Egea et al. 2014 ).
Finally, it must be mentioned that constraint in Equation (9) represents that the amount of final product '"‹ š › 1 obtained by each pathway cannot be higher than the typical plant capacity for that product (¨© . This plant variable is intimately related with the market demand since production lines capacities are adapted to the final product requirements of the market. The plant capacity will depend on the location, the final specifications of the products and their applications. Values shown in Table 3 represent typical plant production capacities described in literature.
Objectives formulation
The economic part of the objective function represents the given profit of the process, which is defined by the product sales ( minus the production costs ( , being the pursued objective:
where X are the considered decision variables (one vector per defined processing layer,
i.e., X(l) l=1,… ,L ). In this work, the decision vector to be found when solving the optimisation problem will be the set of fractions or percentages of raw material processed by a given technology j:
i.e., a vectorization of matrix † ‡ ""ˆ "
The economic profit of a given processing technology depends on the market for the associated final product, mainly on its sale price. Therefore, the can be defined as follows:
where OE
• Î 'ƒ" is the vector of the market sale prices of the v products (Table 4) . The prices will strongly depend on the final specifications of the products and their applications, and on the market demand. Values shown in Table 4 represent an average market value. Note that the average prices for BP and CS were estimated using the market price of these products in different companies. The production cost term represents the addition of the main costs associated to all technologies leading to the considered final products. These costs include utilities (electricity, water and fuel) and reagents (denoted from now on as U):
' " " , " From all exposed, the economic objective defined in Equation (12) can be represented on its compact form as:
Expression (16) This basic formulation can be easily extended for the case of multiple connected layers of technologies. For the concrete case study analysed in this work with two layers (l -raw material pre-processing; and l+1 -processing), and by considering Equation (5), the economic objective function presented in Equation (16) can be rewritten as follows:
It must be pointed out that the l+1 layer has v raw materials, r' technologies and v' final products. Therefore, the dimensions of Equation (17) are consistent since OE
In order to simplify, and for the concrete case study analysed in this work, Equation (17) can be re-written in quadratic-like form as:
where " ¶ °OE 
where the CO 2 emission part of the functional J is defined as:
In Equation (14) In a similar way, the term › represents the environmental impact of the water consumed during the production processes/technologies. By applying Equations (21) and (22), › can be defined as:
AEƒ is the water consumption of the r technologies described in Table 2 , and Á › represent a conversion factor from water consumed to equivalent hectares (Doménech Quesada 2010). (21) to (24) into (20), the general environmental objective can be defined as:
By introducing Equations
For the particular two layer problem analysed in this work, Equation (25) should be rewritten as:
Analogously to Equation (18), last expression can be expressed in a compact form for the analysed case study:
As for the economic objective case, a quadratic form of Equation (27) can be straightforward defined as:
From all exposed, the multi-objective optimization problem presented in Equation (6) subject to constraints (7), (8), (9) and (10) Therefore, and as mentioned before at the end of Section 3.1, an evolutionary algorithm like eSS has been used instead of traditional analytic methods like Lagrange
Multipliers or available SQP algorithms/implementations in order to avoid problems due to the possible non-convexity of the defined multi-objective problem.
Results and discussion
Once the economic and environmental objectives have been defined, the solutions were obtained using the optimization strategy presented above. Main results for the three different kinds of biomass are presented in this section.
Valorisation of fish biomass (A)
This class of biomass is the most discarded in the analysed case study (in terms of total tonnes of biomass), and mainly two different strategies are used for valorising: a) using the whole specimen for fish meal production, obtaining fish oil as subproduct or; b) using only parts of the fish (in this case muscle) as sources of surimi and BP.
The optimal pathway configuration from an economic point of view is shown in Fig. 3 .A. This processing pathway configuration with a higher economic profit is related to the valorisation of specific fish fractions (muscle) rather than the use of the whole specimen. In the optimal economic solution, the obtained muscle is used as raw material to obtain BP at the maximum plant capacity, and the excess of raw material is incorporated to the production of FM and FO. Also note that lowest production costs ( ) correspond to the most profitable pathway.
From an environmental point of view, the optimal scenario corresponds to the no processing of biomass (Fig. 3.B) . In this context, it is straightforward to say that the pathway configuration with less impact is that which transforms the biomass through the grinding process (j=1). However, this configuration has an additional environmental and economic impact due to the need of processing remaining fish biomass as a solid waste. Since the valorisation of biomass to obtain a product is a sine qua non condition of the present case study, an analysis of the combinations that are forced to obtain products reveals that the optimal environmental solution is the one that process at least 80 % of the biomass to obtain BP as product and leaves the reaming biomass unprocessed.
If both economic and environmental criteria are considered ( Fig. 3.C) , the obtained set of solutions present two different areas. In the right area, when the environmental cost increase, the profit of the pathway decrease, that is, both criteria are inadequate. The pathway configuration changes from producing mainly BP to produce FM/FO. All solutions that produce FM/FO at full plant capacities present a reduction on the profit due to the high production costs generated by fuel purchase (Vazquez et al. 2013 ). Therefore, an alternative energy source should be considered. Also note that the impact of FM/FO process, ten times bigger than BP production, is due to the important effect of the use of fuel as energy source.
It is interesting to note the preference of producing BP rather than surimi, since this product increases » up to a 50% when compared with those pathways producing BP. This is because BP and have less environmental impact than the production of
surimi. An analysis of the impact generated by water consumption reveals that producing surimi at maximum plant capacity has a large water impact ( È ). Moreover, the impact generated by electric consumption ( ¢ ) is also higher in those combinations producing surimi than in those producing BP.
In the left area (Fig. 3.C) , an increase of the environmental cost is related with an increased profit. Pathways with low environmental cost have as well low profit values, and also leave large amounts of unprocessed biomass. This biomass must be treated as solid waste. In order to include the extra economic and environmental impact associated to this additional process (incineration was selected as reference waste management process), the pathway scheme and the problem formulation was modified, including the environmental cost of transporting and incinerating the solid waste.
representing the CO 2 emission generated by the transport of the solid waste to the nearest processing plant (with a distance from the biomass generating points and back of d = 270 km/round trip), 20 days per month during a year (therefore, nt = 240 round trips), in a truck with a transporting capacity of 3,000kg of biomass. In average, this kind of transport consumes 40 l of fuel every 100 km (É Õ•Ù Ú .
The second term of Equation (29) ( » corresponds to the CO 2 emission due to the incineration process. Incinerating and transporting the solid waste has also an economic cost.
However, this cost was considered negligible when compared with the profits of the process (2,000 times lower). The new set of solutions is presented in Fig. 3 .D. It can be observed that the environmental cost of those situations that leave biomass unprocessed is increased in the range of a 10 to 25%, depending on the amount of unprocessed biomass. This fact implies the translation of the graphical solutions of these scenarios to the right. However, the optimal valorising configurations are not modified, i.e., producing BP and as main products, and the remaining biomass being left as unprocessed muscle.
Valorisation of crustacean biomass (B)
As shown in Section 2.1 (Table 1) , one of the most discarded groups in the selected fisheries is crustacean species (Polybius henslowii and Munida spp.). There are two typical alternatives for valorising this particular biomass: i) obtaining of chitin/chitosan and ii) fish meal production (Fig. 2, section B) . Chitin is present in the shell of crustaceans on a 25-30% of the total dry weight of the specimen (Hayes 2012) .Therefore, a pre-treatment stage where shells are separated from the body to obtain the specific raw material is required. On the other hand, crustacean meal is obtained from the whole specimen. Technologies and resources for these processes are summarized in Table 2 .
If the different combinations for the treatment of crustaceans are mathematically analysed, two opposite trends are observed from an economic point of view. The more interesting technology is the production of chitin, since the sales price of this final product is significantly high (Table 3) . Therefore, those combinations implying more chitin production will be the most economically profitable, although they have associated a high environmental impact due to their large consumption of utilities.
However, the obtaining of FM is not an advantageous alternative to the chitin pathway, due to the higher caused by the fuel use. As mentioned in the case of Biomass A, the environmentally advantageous solutions match with the ones where minimum addedvalue product is obtained (Fig. 4.A) . However, these situations have an extra economic and environmental impact related to the solid waste treatment of unprocessed biomass.
The set of solutions considering both criteria simultaneously is presented in the Paretofront of Fig. 4 .B. If the profit of the pathway increases, the environmental cost also increases. In these configurations, shells are used to produce chitin, avoiding FM as final product (Fig. 4.C These optimal configurations leave a high percentage of raw material untreated (up to the 60% of the initial biomass), since the production of chitin only uses the shells.
Therefore, the non-used parts could be incorporated to a crustacean meal line, as discussed below (Fig. 4.E) . This formulation enhances the profits of this technology but also increases its environmental cost. This is reflected in a change of the Pareto configuration (Fig. 4.F) , where two areas are now observed. In the area where is up to 90 ha/year, chitin and FM are obtained as final products. In the other area, only chitin is obtained as product. Focusing on the area with better relationship between objectives, a moderate production of chitin together with leaving a fraction of biomass unprocessed would be the best combination. Therefore, and as in the previous case, was incorporated to the analysis. When considering this additional term (Fig. 4.G) , the pathways that transform 13-20% of biomass into chitin still have the better relationship between objectives (Fig. 4.H) . In case that the objective was to transform all the crustacean biomass into chitin, more environmentally friendly technologies for the conversion of the shell into chitin should be considered, as it is proposed in Vazquez et al. (Vazquez et al. 2013 ).
Valorisation of cartilaginous biomass (C)
Note that from the initial cartilaginous biomass (whole specimens of small-spotted catshark and black-mouthed dogfish species) only three fractions are considered as raw material for valorisation ( Ascanio et al. 2004) . The skins represent a 11% of the total body of sharks (Nomura 2004) , being an excellent source of collagen (Antelo et al. 2007; Ordóñez-Del Pazo et al. 2014) . Additionally, CS can be obtained from the cartilage ( Murado et al. 2010 ).
The mathematical analysis of the valorisation alternatives is presented in Fig. 5 .A. As in the previous cases, the environmental optimal solution is to not process any biomass (Fig. 5.B) . From an economic point of view, the most profitable combination of technologies implies the valorisation of livers as enzymes and the production of CS and gelatine from cartilage and skin, respectively (Fig. 5.C) . If both criteria are considered (Fig. 5.A) , the optimal pathway configurations are those that produce fish enzymes, CS and leave unprocessed raw material (Fig. 5.D) . Due to the bad relationship between criteria, the optimization system reduces by stopping the production of gelatine in the first place. Avoiding gelatine as final product is reflected in a large reduction of (more than 60%), while the impact on the profit is less than 1%. If is considered as in the previous cases, the new set of solutions ( Fig. 5.E) shows that the environmental cost of those pathways with unprocessed material has increased around 10-15%. However, this rise is insignificant when compared with the environmental cost of producing gelatine. If gelatine was a product of main interest, a more environmentally friendly process (Karim and Bhat 2009 ) than those state-of-art considered in this work, should be implemented.
Therefore, the optimal set of pathways is the one that transforms as much as liver as possible into enzymes and cartilage into CS, and sends the unprocessed material to solid waste treatment ( Fig. 5.F) . However, producing CS from cartilaginous species as an additional source could present an advantage that should be analysed. The maximum capacity of CS production from cartilaginous species is 162 t, which is below the typical maximum plant capacity (Table 4) . To increase the production capacity to 200 t of this valuable product, other sources of cartilaginous species (from other métiers, near ports or processing industries) should be considered simultaneously. In this case, the products presented in the optimal set of pathways are enzymes, BP and CS. Note that when BP or CS are produced, there is an increase on profits around a 5-10%, compared with the case where enzymes are the only product. However, producing BP and CS also increase the environmental cost in a 20%. As in the fish case, the excess of muscle obtained is processed as surimi (increasing the profit around a 2% and the environmental impact in a 10%). The optimal set of pathways avoids the large production of FM/FO and gelatine due to the high environmental impact derived from fuel use (FM/FO) and from the high electric and water consumption of technology j'=1, respectively.
Re-design of technologies
The formulation presented in this work allows knowing how certain parameters should be modified (utilities consumptions, yield, etc.) in order to include this technology in the optimal set of pathways. For example, a yield up to 30% in j'=1 would modify the optimal product configuration in the case of biomass A, being the production of FM/FO an interesting product from an economic point of view. Similarly, a yield of 40% in technologies j'=2 implies that the use of crustacean biomass to produce FM/FO would be a profitable technology. However, a yield up to the 70% would be needed to compensate the high environmental cost of producing gelatine, due to the high utilities consumption of this process.
Conclusions
In this work, a processing network for the valorisation of discarded biomass in selected métiers of NW Spain is proposed. A mathematical model for the optimisation of the developed structure was constructed based on environmental and economic objectives. Biomass was divided and analysed in three groups: fish, crustaceans and cartilaginous species. Main results show that, in general, the most optimal processing routes correspond to the obtaining of high-added value products (biopeptides, enzymes and chondroitin sulphate), not only for their high sale prizes, but also for the lower environmental impact associated with their production processes when compared with the other products that can be obtained in the proposed valorising network. However, CS production should be considered with caution, since the production obtained was much lower than the plant production capacity. In this case, more biomass (from other métiers or fish processing industries) would be necessary to improve the optimal behaviour of the valorising network. Fishmeal and oil, chitin and gelatine were not the preferable choices due mainly to their high associated CO 2 emission and water consumption. In fact, the developed system opts for leaving unprocessed biomass and managed it as a residue, rather than producing those products in proposed optimal pathway configurations. However, these useful products are object of interest and necessary for many industrial applications, like for example fishmeal and oil, essentially in aquaculture. Thus, resources reduction and optimisation of these processes will be a necessary step for including them in valorising networks of marine biomass, which are developed according to industrial ecology principles. 
